Abstract: Water and nitrogen (N) play an important role in closing the yield gap of crops by reducing associated stresses and yield variability. Field research data coupled to the CSM-CERES-Maize model of Decision Support System Agrotechnology Transfer were used to advance our understanding of the effect of water and N on silage corn growth and yield. The objectives of the study were to determine: (i) the best combination of irrigation water and N for optimum biomass yield, and (ii) the yield gap of silage corn grown at different locations in Wyoming, USA. Field experiments were conducted under sub-surface drip irrigation using a randomized complete block design in a split-plot arrangement with four replications. The main plot was irrigation and consisted of 100% crop evapotranspiration (100ETc), 80% (80ETc), and 60% (60ETc), and the sub-plot was N rates, including 0, 90, 180, 270, and 360 kg N ha −1 as urea-ammonium-nitrate. The simulated results indicated full irrigation and at least 150 kg N ha −1 as the best combination for silage corn production in Wyoming. Our observed and simulated results show the potential to increase the biomass and reduce the yield gap of silage corn in the region if irrigation water and N are properly managed.
Introduction
Water and nitrogen (N) are essential components for plant growth and development. With increasing water scarcity and the environmental risks associated with nutrient leaching, the need to increase agricultural water use efficiency (WUE) and the efficient use of N is receiving significant attention. Irrigation water and fertilizer N use are likely to face future limitations, which warrants further study aiming at maximizing crop production for achieving maximum net return [1] .
Water and N play an important role in closing the yield gap by reducing associated stresses and yield variability [2] . Irrigation management requires a thorough understanding of the crop water needs during the growing season as related to developmental stages as well as management strategies for high yield [3, 4] . Irrigation is not only important as a way of supplementing seasonal water needs, but also to ensure that crops get suitable water during critical periods of growth to optimize their yield potential while enhancing WUE. Increasing WUE in agricultural production systems is important in arid and semi-arid regions due to limited supply and growing demand for fresh water [5] . This is especially important in water-scarce regions like Wyoming where crop production is not possible Figure 1 . The study area is characterized by a semi-arid climate with an average annual temperature of 6.7 • C, an average annual rainfall of 157 mm, and a growing season of 125 days (www.wrds.uwyo.edu). The soil is characterized as clay loam soil with a pH of 7.9, organic matter of 1.67%, and nitrate-N and P in the top 30 cm soil of 13 mg kg −1 and 14 mg kg −1 , respectively (www.nrcs.usda.gov). The hybrid Pioneer "P8107HR" was planted on 22 May 2014 and 2015 on a subsurface drip irrigated (SDI) field at 56 cm row spacing and a population of 90,000 plants ha −1 . The experiment was laid out as a randomized complete block in a split-plot arrangement with four replications. The main plots were irrigation strategies and the subplot N rates. The irrigation treatments included 100ETc, 80ETc, and 60ETc, while the N treatments included 0, 90, 180, 270, and 360 kg N ha −1 . The N fertilizer urea-ammonium-nitrate aqueous solution was side-dressed four times on 17 June, 2 July, 15 July, and 22 July 2014, and on 10 June, 25 June, 6 July, and 13 July 2015.
Materials and Methods

Field Experiments
The irrigation scheduling was based on the ETc obtained as a product of the reference evapotranspiration (ET0) and the dual crop coefficient (Kc) [20, 21] . The daily ET0 was calculated using the FAO Penman-Monteith equation as modified by the American Society of Civil Engineers (ASCE) The hybrid Pioneer "P8107HR" was planted on 22 May 2014 and 2015 on a subsurface drip irrigated (SDI) field at 56 cm row spacing and a population of 90,000 plants ha −1 . The experiment was laid out as a randomized complete block in a split-plot arrangement with four replications. The main plots were irrigation strategies and the subplot N rates. The irrigation treatments included 100ETc, 80ETc, and 60ETc, while the N treatments included 0, 90, 180, 270, and 360 kg N ha −1 . The N fertilizer urea-ammonium-nitrate aqueous solution was side-dressed four times on 17 June, 2 July, 15 July, and 22 July 2014, and on 10 June, 25 June, 6 July, and 13 July 2015.
The irrigation scheduling was based on the ETc obtained as a product of the reference evapotranspiration (ET 0 ) and the dual crop coefficient (K c ) [20, 21] . The daily ET 0 was calculated using the FAO Penman-Monteith equation as modified by the American Society of Civil Engineers (ASCE) [22] . Irrigation was triggered when the soil moisture dropped below 50% of the available water in the top 30 cm of soil.
The data collected in the field experiments included leaf area index (LAI), aboveground biomass for growth analysis, and aboveground biomass yield. Plant measurements were obtained during the two years throughout the growing season at five growth stages (V4, V8, V12, VT, and R4 for harvest; V stages were recorded when the collar of a given leaf was visible, VT refers to tasselling, and R4 refers to the reproductive dough stage). Plants in 1-m row lengths of the two inner rows were collected from each plot at each sampling date. The plants were split into leaves, stems, and ears. The leaves were used to obtain the leaf area with an LI-3100C Area Meter (LI-COR Inc., Lincoln, NE, USA). Samples were then oven-dried at 60 • C for a period of 48-72 h before being weighed for aboveground biomass. The occurrence of phenological stages was recorded three times a week on plants in 1-m-row lengths based on the scale of Ritchie et al. [23] . The onset of a given phenological stage was recorded when 50% of the plants were at the stage of interest.
Modeling Component
Required model inputs included daily weather data, soil profile characteristics, plant-specific information, and management practices (e.g., tillage type, planting date, plant population, fertilization strategy, and irrigation amounts and timing), and grain yield (for model calibration purposes). The daily solar radiation data were obtained from the Climatology Resource for Agroclimatology of NASA (power.larc.nasa.gov). WeatherMan [24] , a DSSAT tool to facilitate the preparation of weather information, was used to prepare the weather data in DSSAT format. The soil profile information was obtained from the Soil Characterization Database of the National Resources Conservation Service of the USDA [25] . SBuilt, a DSSAT tool to facilitate the preparation of soil information and estimate missing data, was used to prepare the soil files in a DSSAT format (Table 1) .
For model calibration and validation, data collected in 2014 and 2015 were used (Tables 2 and 3 ). The cultivar coefficients of the CSM-CERES-Maize model (Table 2) were calibrated with data from 2014 using the Genotype Coefficient Calculator (GenCalc; [26] ) tool of DSSAT. GenCalc iteratively estimates the genotype coefficients and compares the model outputs with measured data. The coefficients that minimize the sum of the squared error are selected [26] to create the new cultivar (Table 2) , which is then used for applications of the model. In order to get the best match between simulated and observed data [27] , the model was calibrated with observed data obtained under non-stressed conditions of our field research. Because CSM-CERES-Maize was developed for corn for grain [10] , a parallel study using the same genotype and management practices [28] was conducted to obtain grain yield data. Then, the model was run to physiological maturity, but the aboveground biomass for silage corn was extracted from the daily outputs at R4 (dough) growth stage using the cumulative growing degree-days obtained from the field experiment to match the simulated R4. After calibration, the model was validated using the observed field data from the 2015 growing season (Table 3) . The calibrated CSM-CERES-Maize model was used to simulate the response of corn to water and N for conditions at three locations (i.e., Powell, Sheridan, and Lingle) in Wyoming, USA. For each location, the model was set to trigger irrigation when the soil available water at a management depth of 30 cm dropped below 50%. For each location, the seasonal analysis of DSSAT was set to run for a period of 31 years (1985-2015) to simulate growth, development, and N uptake of maize, and to determine the WUE of the crop. The long-term weather data was obtained from the NOAA-NCDC [29], the soil profile information for each location was obtained from the USDA-NRCS [25] , and the management practices were kept the same as in the experimental field at all locations. The automated irrigation scenario (irrigation water applied when needed (IN)) combined with different rates of N from 0 kg N ha −1 to 360 kg N ha −1 were included in the model. The model was also set to simulate the potential yield of maize. To do so, at each location the CSM-CERES-Maize model simulated the growth and development of maize assuming no water and no N limitations.
The yield gap, defined as the difference between potential yield and actual (treatment) crop yield [30, 31] , was used to quantify and determine potential improvements of maize for silage yield across Wyoming. The yield gap was calculated for each N treatment of the 31-year outputs from each location, as compared to the model outputs for potential yield as in Equation (1).
Yield gap (%) = Potential aboveground biomass − Treatment aboveground biomass Treatment aboveground biomass × 100. (1)
Statistical Analysis
The CSM-CERES-Maize model performance was evaluated by comparing the simulated and measured results using three statistics, including coefficient of determination (R 2 ), the Willmott [32] index of agreement (d; Equation (2)), and the root mean square error (RMSE) (Equation (3); [33] ).
where n is the number of measured dataset, s i is simulated data, m i is ith measured data, m is the mean of the measured data.
The closer the d-index of agreement to 1, the better the simulated results fit the observed data [32] . Conversely, the lower the RMSE, the better the model simulates the observed data [33] .
The model outputs, including LAI, aboveground biomass, N uptake, and WUE, were analyzed using the PROC GLM procedure of the SAS statistical package [34] (SAS v. 9.4; SAS Institute, Inc., Cary, NC, USA). A post-hoc Least Significant Difference (LSD) mean separations was performed using the PROC MEANS of SAS. Data were checked for homogeneity of variances using the Bartlett test [35] , and for normality of residuals using the Shapiro-Wilk test [36] .
Results and Discussion
Observed Data
The LAI and aboveground biomass data collected during 2014 and 2015 growing seasons were used to calibrate and validate the CSM-CERES-Maize model (Table 3) . For both the 2014 and 2015 results, high LAI values were obtained with the combination of 100ETc and 270 kg N ha −1 (Table 3) . Similarly, high aboveground biomass was obtained with the combination of 100ETc and 270 kg N ha −1 , and 100ETc and 180 kg N ha −1 in 2014 and 2015, respectively ( Table 3 ). The LAI decreased with a decrease in fertilizer N, which is reported to reduce leaf expansion due to reduction on leaf length and leaf width [37, 38] . Likewise, LAI decreased with water stress, which is reported to be the consequence of reduced photosynthetic assimilates as a result of accelerated stomatal closure [39] . The increase of the aboveground biomass with increased N rates was due to the increase of leaf expansion leading to increase of leaf absorption of photosynthetically active radiation [40] , and accumulation of assimilates which increased the biomass of silage corn [41, 42] . Similarly, aboveground biomass increased with irrigation water as a result of enhanced gas exchange (CO 2 , H 2 O) and sufficient supply of assimilates to get the plants to their final size and weight [43] .
Model Calibration
The derived crop coefficients for the cultivar PIO8101HR14 (Table 2) Table 3) .
The model validation using 2015 data showed that the simulated and the observed values for LAI and aboveground biomass were acceptable (R 2 = 0.59; d-index = 0.88; RMSE = 0.72 m 2 m −2 for LAI, and R 2 = 0.95; d-index = 0.96; RMSE = 2599 kg ha −1 for aboveground biomass under 100ETc 180 N treatment; Table 3 ), indicating the suitability of the CSM-CRES-MAIZE model for broader use in the region.
Long-Term Simulation of Silage Maize Growth and Development
For the irrigation water applied, the averaged 31-year period of simulated value were comparable to the amount of water applied ( Table 4 ). The seasonal irrigation water applied was 257 mm compared to 249, 262, and 280 mm for Powell, Sheridan, and Lingle, respectively (Table 4 ). This indicates that the water applied under subsurface drip irrigation was close enough to what the maize needed for adequate growth and development. Table 4 . Irrigation water applied (mm) during the growing season compared to simulated data for the three locations. 170  6  0  3  0  1  173  7  2  1  2  2  175  4  2  1  4  2  180  10  10  6  18  11  186  17  16  14  18  16  191  18  14  16  22  17  199  25  31  30  31  31  203  10  14  19  17  17  206  28  13  12  19  15  213  28  30  32  27  30  220  23  27  26  29  27  227  28  28  28  26  27  240  25  29  38  35  34  250  28  32  36  34  34  Total  257  249  262 The 31-year outputs of the model were averaged to determine the LAI of maize for different N rates under the "IN" scenario ( Figure 2) . The LAI increased with increased N rate and showed a maximum at 180 kg N ha −1 for Powell and Sheridan conditions, and 120 kg N ha −1 for Lingle. The LAI values were stable with no significant difference above these rates. The LAI increase with increased N are reported to be due to leaf expansion and high photosynthetic rate under no stress conditions [6, 44] . The average LAI across the three locations showed that 150 kg N ha −1 maximized LAI of corn for silage, indicating its stability across the state. 186  17  16  14  18  16  191  18  14  16  22  17  199  25  31  30  31  31  203  10  14  19  17  17  206  28  13  12  19  15  213  28  30  32  27  30  220  23  27  26  29  27  227  28  28  28  26  27  240  25  29  38  35  34  250  28  32  36  34  34  Total  257  249  262  280 The aboveground biomass showed high values when at least 180, 150, and 180 kg N ha −1 applied for Powell, Sheridan, and Lingle, respectively (Figure 3) . Geographically, high aboveground biomass values followed a trend of Lingle > Sheridan > Powell, which reflected the better soil and weather conditions for maize growth in Lingle compared to other locations. The aboveground biomass across the locations indicated that at least 180 kg N ha −1 is needed for optimum silage corn biomass in Wyoming.
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LAI, aboveground biomass, N uptake, and WUE of corn grown in different locations of Wyoming. For conditions in northern Florida, He et al. [45] used the CSM-CERES-Maize model to identify the best N rate on sandy soils using 33 years of data, and reported that the optimal rate of N fertilizer ranged between 196 kg N ha −1 to 224 kg N ha −1 . Our simulated results showed high LAI, aboveground biomass, N uptake, and WUE for N rates ranging between 150 kg N ha −1 to 180 kg N ha −1 . The seasonal N uptake of maize showed high values under at least 210 kg N ha −1 for Powell, and at least 240 kg N ha −1 for both Sheridan and Lingle (Figure 4 ). The N used by corn increased with increased N, and followed a trend of Lingle > Sheridan > Powell. The average across the three locations showed that at least 240 kg N ha −1 is needed for maximum N uptake. As for WUE, the simulated values followed a similar pattern as the aboveground biomass with high values starting at 180 kg N ha −1 for Powell and Lingle, and 150 kg N ha −1 for Sheridan ( Figure 5 ). The average across the three locations indicated that at least 180 kg N ha −1 is needed to improve the WUE. Sustainability 2018, 10, x FOR PEER REVIEW 10 of 14 
Potential Yield, Yield Gap, and Opportunities for Increasing Silage Corn Yield
The yield gap analysis enabled the advancement of our understanding of the impact of water and fertilizer N in silage corn production in semi-arid Wyoming. In comparison with the potential yield, our simulated results indicate that the yield gap of silage corn could be reduced to less than 10% if 120 kg N ha −1 is applied with a proper irrigation amount (Table 5) . The model results showed that the yield gap was reduced to 5%, 4%, and 3% under the IN 150 kg N ha −1 scenario for Powell, Sheridan, and Lingle, respectively (Table 5 ). The pooled average across the three locations indicates a potential to increase silage corn biomass and greatly reduce the yield gap to less than 5% if no less than 150 kg N ha −1 is applied (Table 5 ). The yield gap greatly reduced with the increasing rates of fertilizer N, suggesting the potential to increase the silage corn biomass if N rates are optimized. In summary, the long-term simulated results indicated that water and N fertilizer rate affected LAI, aboveground biomass, N uptake, and WUE of corn grown in different locations of Wyoming. For conditions in northern Florida, He et al. [45] used the CSM-CERES-Maize model to identify the best N rate on sandy soils using 33 years of data, and reported that the optimal rate of N fertilizer ranged between 196 kg N ha −1 to 224 kg N ha −1 . Our simulated results showed high LAI, aboveground biomass, N uptake, and WUE for N rates ranging between 150 kg N ha −1 to 180 kg N ha −1 .
The yield gap analysis enabled the advancement of our understanding of the impact of water and fertilizer N in silage corn production in semi-arid Wyoming. In comparison with the potential yield, our simulated results indicate that the yield gap of silage corn could be reduced to less than 10% if 120 kg N ha −1 is applied with a proper irrigation amount (Table 5) . The model results showed that the yield gap was reduced to 5%, 4%, and 3% under the IN 150 kg N ha −1 scenario for Powell, Sheridan, and Lingle, respectively (Table 5 ). The pooled average across the three locations indicates a potential to increase silage corn biomass and greatly reduce the yield gap to less than 5% if no less than 150 kg N ha −1 is applied (Table 5 ). The yield gap greatly reduced with the increasing rates of fertilizer N, suggesting the potential to increase the silage corn biomass if N rates are optimized. 
